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Exfoliated  graphite  nanoplatelet  (xGnP)  and  V2O5  nanotube  (VNT)  composite  electrodes  were  fabri¬ 
cated  and  tested  as  electrodes  for  supercapacitors.  Enhancement  of  the  electrochemical  performance 
of  the  composite  over  its  component  materials  was  demonstrated  using  cyclic  voltammetry  (CV),  con¬ 
stant  current  charge/discharge  testing  and  electrochemical  impedance  spectroscopy  in  aqueous  and 
organic  electrolytes.  The  calculated  specific  capacitance  of  the  composite  was  35  Fg-1  in  the  aqueous 
electrolyte  and  226  F  g-1  in  the  organic  electrolyte  at  a  scan  rate  of  1 0  mV  s-1  using  a  three-electrode  sys¬ 
tem.  Asymmetric  coin  cell  devices  were  fabricated  using  activated  carbon  cloth  as  the  positive  electrode 
and  xGnP-VNT  composite  as  the  negative  electrode.  The  energy  and  power  densities  in  1  M  LiTFSI  were 
28  Wh  kg-1  and  303  W  kg-1 ,  respectively,  at  a  discharge  current  density  of  250  mA  g_1 . 

Published  by  Elsevier  B.V. 


1.  Introduction 

Energy  storage  devices  that  possess  both  high  energy  and  power 
densities  with  excellent  cycling  ability  have  been  the  subject  of  con¬ 
siderable  interest  [1].  Whereas  batteries  can  provide  high  energy 
and  capacitors  can  provide  high  power,  supercapacitors  exhibit 
intermediate  energy  and  power  densities  [2,3  ].  Supercapacitors  can 
be  charged  and  discharged  within  seconds  and  have  long  cycling  life 
(>105  cycles)  [4].  Also  known  as  ultracapacitors  or  electrochemical 
capacitors  (ECs),  these  devices  store  energy  as  charge  on  the  elec¬ 
trode  surface,  rather  than  in  the  bulk  material  as  in  batteries.  As 
a  result,  the  electrode  does  not  undergo  drastic  structural  changes 
upon  cycling  [5].  ECs  can  be  divided  into  two  groups:  electrochemi¬ 
cal  double  layer  capacitors  (EDLCs)  and  pseudocapacitors.  In  EDLCs, 
the  energy  is  stored  electrostatically  at  the  electrode-electrolyte 
interface  in  the  double  layer  [6].  In  contrast,  in  pseudocapacitors, 
charge  storage  occurs  via  fast  redox  reactions  on  the  electrode  sur¬ 
face  [7]. 

Different  carbon-based  materials  such  as  activated  carbon, 
mesoporous  carbon  and  carbon  nanotubes  have  been  used  as 
electrodes  in  electrochemical  double  layer  capacitors  (EDLCs) 
[8,9].  Since  the  purely  electrostatic  mechanism  of  charge-storage 


*  Corresponding  authors.  Tel.:  +1  972  883  2901;  fax:  +1  972  883  2925. 

E-mail  addresses:  balkus@utdallas.edu  (K.J.  Balkus  Jr.),  ferraris@utdallas.edu 
(J.P.  Ferraris),  djyang@utdallas.edu  (D.J.  Yang). 

0378-7753 /$  -  see  front  matter.  Published  by  Elsevier  B.V. 
doi:  10.1 01 6/j.jpowsour.201 1.09.084 


depends  on  the  surface  area  of  the  electrode  material,  EDLCs 
often  exhibit  low  energy  density  values  [8].  High  surface  area 
materials  such  as  nanoporous  carbide-derived  carbon  [10-13]  and 
carbonized  electrospun  polymers  [14,15]  with  improved  energy 
and  power  densities  have  been  reported.  Pseudocapacitors  involve 
redox  active  materials  such  as  conducting  polymers  (polyaniline, 
polypyrrole  and  polythiophene)  [3,16,17]  or  metal  oxides  such  as 
(Mn02,  V205,  and  Ru02)  [18-20].  Pseudocapacitors  exhibit  much 
higher  specific  capacitance  than  EDLCs.  For  example,  Ru02  has  a 
theoretical  specific  capacitance  of  1340  Fg-1  [20]  but  is  expen¬ 
sive  and  like  most  metal  oxides  suffers  from  low  conductivity  [21  ]. 
Composite  electrodes  based  on  metal  oxides  and  high  surface  area 
conductive  carbon  may  combine  the  advantages  of  each  material. 

Graphene  has  been  found  to  be  suitable  for  energy  storage  appli¬ 
cations  because  of  its  high  specific  surface  area  (2675  m2  g-1 )  and 
high  electrical  conductivity  [22].  Graphene  is  a  two-dimensional, 
one  atom  thick  planar  sheet  of  sp2  bonded  carbons.  The  use 
of  graphene  as  electrodes  for  supercapacitors  has  been  reported 
[23-25].  However,  the  generally  observed  specific  capacitance  of 
graphene  is  lower  than  expected  due  to  restacking  of  the  graphene 
sheets.  To  improve  the  capacitance  performance,  researchers  have 
explored  graphene-based  composite  materials.  Wu  et  al.  have 
reported  a  supercapacitor  comprising  graphene  and  polyaniline 
nanofibers  that  showed  a  capacitance  of  210  Fg-1  at  a  discharge 
rate  of  0.3  Ag-1  [26].  Other  metal  oxides  such  as  Mn02,  ZnO  and 
Sn02  have  been  mixed  with  graphene  to  form  composite  electrodes 
with  enhanced  stability  and  energy  density  [27-29]. 
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In  this  work,  a  nanocomposite  material  composed  of  exfoliated 
graphite  nanoplatelets  (xGnP)  and  V2O5  nanotubes  (VNT)  was  fab¬ 
ricated  and  tested  as  an  electrode  material  for  supercapacitors  for 
the  first  time.  Exfoliated  graphite  nanoplatelets  are  a  few  layers  of 
graphene  (<10nm  thick)  that  are  produced  from  natural  graphite 
without  extensive  chemical  treatment  [30].  Exfoliated  graphite 
nanoplatelets  have  been  reported  to  enhance  the  mechanical  and 
electrical  properties  of  polymers  and  metal  oxides  for  different 
applications  [31  ].  Vanadium  pentoxide  has  been  reported  as  super¬ 
capacitor  electrode  material  owing  to  its  high  lithium  intercalation 
capacity  [32,33].  We  report  that  the  xGnP-VNT  composite  elec¬ 
trodes  show  increased  electrochemical  performance  relative  to  the 
individual  components. 

2.  Experimental 

2.1.  Materials 

Exfoliated  graphite  nanoplatelets  (xGnP)  were  obtained 
from  XG  Sciences  (Grade  M).  Ammonium  meta-vanadate 
(NH4VO3),  DOWEX  50WX8-100  (100-200  mesh)  and  ethylene  gly¬ 
col  (anhydrous,  99.8%)  were  purchased  from  Sigma-Aldrich. 
The  electrolytes,  KCl  (>99%,  Fisher  Scientific)  and  lithium 
bis(trifluoromethanesulfonyl)imide  (99.9%,  3M),  were  used 
without  further  purification.  Acetonitrile  was  obtained  from 
Sigma-Aldrich  and  was  dried  (<15ppm  water  content)  using 
an  MBraun  Solvent  Purification  system  prior  to  use.  PVdF 
was  purchased  from  Alfa-Aesar  while  Super  P  conducting 
additive  was  obtained  from  Timcal,  Inc.  Spectracarb  2225  (sur¬ 
face  area  =  2250  m2  g-1)  was  obtained  from  Engineered  Fibers 
Technology,  LLC. 

2.2.  Preparation  of  exfoliated  graphene  nanoplatelets  (xGnPs) 

Commercially  available  exfoliated  graphene  nanoplatelets  were 
dispersed  in  ethylene  glycol  by  ultrasonication  for  24  h.  The  disper¬ 
sion  was  then  filtered  and  dried  at  100°C  for  at  least  12  h  prior  to 
use. 

2.3.  Synthesis  ofV2Os  nanotubes 

The  synthesis  of  V2O5  nanotubes  was  carried  out  using  a  sol-gel 
method  [34].  V2O5  sol  was  prepared  by  mixing  0.8  g  of  ammonium 
meta-vanadate  (NH4VO3)  and  8  g  of  an  acidic  ion  exchange  resin 
(DOWEX  50WX8-100)  in  160  ml  DI  water.  The  mixture  was  heated 
at  60  °C  for  20  min  to  produce  an  orange  colored  sol.  After  cooling  to 
room  temperature,  50  ml  of  the  V2O5  sol  was  mixed  with  50  ml  of 
ethanol  and  left  at  room  temperature  with  no  agitation  for  7  days. 
The  final  greenish  product  was  filtered,  washed  with  DI  water  and 
ethanol  and  dried  at  100  °C. 

2.4.  Preparation  of  xGnP-VNT  composite 

xGnP  (0.3  g)  was  bath  sonicated  in  100  ml  of  ethanol  for  1  h. 
Then  a  50  ml  portion  of  the  prepared  orange  V205  sol  was  mixed 
with  the  xGnPs/ethanol  dispersion  and  stirred  for  7  days.  The  final 
product,  xGnP-VNT  composite,  was  filtered,  washed  with  DI  water 
and  ethanol  and  dried  at  100°C. 

2.5.  Characterization 

The  xGnP-VNT  composite  was  characterized  by  SEM,  TEM,  XRD, 
XPS  and  Raman  spectroscopy.  The  morphology  of  each  sample  was 
determined  by  using  a  Zeiss  Supra™  40  variable-pressure  field- 
effect  scanning  electron  microscope.  TEM  samples  were  prepared 
on  carbon  coated  copper  grids  and  images  were  obtained  using 


a  JEOL  2100  transmission  electron  microscope  at  200  kV.  Raman 
spectra  were  collected  using  a  JobinYvon  HORIBA  Raman  spec¬ 
trometer.  XRD  patterns  were  collected  using  a  Rigaku  Ultima  IV 
X-ray  diffractometer  (Cu  Ka).  XPS  analysis  was  done  ex  situ  using 
a  PerkinElmer  PHI  System  with  monochromatic  Al  Ka  radiation 
(hv  =  1486.6  eV)  detector  with  45°  emission  angle  (0.125  eV  step 
size,  pass  energy  of  29.35  eV)  at  3  x  1 0-9  Torr  chamber  pressure. 

2.6.  Electrode  fabrication  and  testing 

A  three-electrode  system  was  employed  to  compare  the  electro¬ 
chemical  properties  of  the  xGnPs,  VNTs  and  xGnP-VNT  composites. 
The  electrodes  were  prepared  by  mixing  the  xGnP-VNT  compos¬ 
ite,  Super  P  (10%)  as  conductive  additive  and  PVdF  (30%)  as  binder 
in  acetone.  The  xGnP  and  VNT  electrodes  were  also  prepared 
using  the  same  procedure.  The  xGnP-VNT  slurry  was  coated  onto 
1  cm2  graphite  foil,  which  was  used  as  the  working  electrode.  The 
counter  and  reference  electrodes  were  Pt  mesh  and  Ag/Ag+,  respec¬ 
tively.  Cyclic  voltammetry  was  performed  in  aqueous  (2  M  KCl)  and 
organic  (1  M  LiTFSI  in  acetonitrile)  electrolytes  using  a  Princeton 
Applied  Research  (PAR  273A)  Galvanostat/Potentiostat. 

Two-electrode  coin  cell  devices  were  assembled  using  the 
xGnP-VNT  composite  as  the  negative  electrode  and  an  activated 
carbon  cloth  (Spectracarb  2225)  as  the  positive  electrode.  The 
xGnP-VNT  electrode  was  prepared  from  the  slurry  that  was  cast 
on  a  glass  plate  to  form  ~100[xm  thick  film.  Circular  electrodes 
(1  cm2)  were  pressed  together  in  a  2032  stainless  steel  coin  cell 
using  a  manual  crimper.  A  Gore™  PTFE  film  was  used  as  the  sep¬ 
arator  and  was  soaked  in  1  M  LiTFSI.  All  cells  were  equilibrated 
for  10  cycles  at  10  mV  s-1  prior  to  obtaining  measurements.  Cyclic 
voltammetry  and  charge  discharge  tests  were  used  to  calculate  the 
electrochemical  performance  using  an  Arbin  Supercapacitor  Test 
Station.  Electrochemical  impedance  spectroscopy  was  done  using 
a  PAR  2273  at  0  V  DC  from  100  kHz  to  1  MHz  with  an  AC  voltage  of 
10  mV. 

3.  Results  and  discussion 

Fig.  1A  and  B  shows  SEM  images  of  the  xGnPs  before  and  after 
loading  with  VNTs.  The  VNTs  appear  to  cover  most  of  the  xGnP 
sheets  (Fig.  IB).  This  arrangement  is  favorable  because  the  possible 
restacking  of  the  nanoplatelets  can  be  prevented  by  the  VNTs  that 
coat  the  xGnP  surface.  Fig.  1C  and  D  shows  the  fabricated  electrode 
which  is  ~100  p,m  thick.  TEM  images  (Fig.  2A)  show  the  nanotubu¬ 
lar  structure  of  V205  with  an  outer  diameter  of  ~10nm  and  an 
inner  diameter  of  ~5  nm.  These  V205  nanotubes  are  among  the 
smallest  diameter  nanotubes  reported  [35-40].  Higher  magnifica¬ 
tion  revealed  the  interlayer  distance  of  the  VNTs  to  be  about  0.5  nm. 
The  TEM  image  of  the  composite  (Fig.  2B)  shows  a  sub-micron  to 
micron  lateral  dimension  of  the  exfoliated  graphite  sheets  and  no 
significant  changes  in  V205  nanotube  morphology. 

The  Raman  spectrum  of  xGnP  (Fig.  3a)  shows  the  G  peak  at 
1575  cm-1,  which  is  characteristic  of  sp2  carbon  vibration  in  the 
graphitic  lattice.  A  smaller  D-peak  is  also  observed  at  1329  cm-1, 
which  is  mainly  due  to  the  disordered  or  amorphous  carbon  [41]. 
A  Raman  feature  called  the  G'  peak  corresponding  to  second  order 
vibration  of  sp2  exfoliated  graphite  sheets  appears  at  2675  cm-1 
[42].  From  its  peak  position  and  intensity  relative  to  the  G  peak,  the 
xGnP  has  >10  layers  of  graphene  sheets.  The  Raman  spectra  of  crys¬ 
talline  V205  is  also  shown  (Fig.  3b).  The  tallest  peak,  at  143  cm-1, 
can  be  assigned  to  the  skeleton  vibration  of  the  V-O-V  bond,  which 
can  be  assigned  to  the  deformation  of  the  bond  between  different 
molecular  units  in  the  plane  of  the  layers.  The  peak  at  991  cm-1  is 
due  to  the  stretching  mode  of  the  double  bond  between  vanadium 
and  oxygen  atoms  (V=0)  [43].  The  peaks  692  cm-1  and  524  cm-1 
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Fig.  1.  SEM  images  of  (A)  xGnP,  (B)  xGnP-VNT,  (C)  top  and  (D)  cross-section  view  of  the  composite  electrode  with  binder. 


are  also  observed  and  correspond  to  V2 -0  (doubly  coordinated  oxy¬ 
gen)  and  V3-0  (triply  coordinated  oxygen),  respectively  [44].  The 
bending  modes  in  V205  are  also  observed  at  405  cm-1  and  283  cm-1 
forV=0,478cm_1  for(V3-O)and303  cm-1  (V3-0)  [45]. The  Raman 
spectrum  of  the  composite  (Fig.  3c)  shows  the  characteristic  peaks 
from  the  individual  components. 

The  XRD  pattern  (Fig.  4)  of  the  VNTs  shows  its  tallest  peak  at 
20  =  7.52,  corresponding  to  the  (001)  diffraction  plane  of  hydrous 
V205  [46].  The  d-spacing  using  the  Bragg  equation  (nX  =  2dsinO) 
is  1.17  nm.  The  peaks  at  20  =  23,  31,  40  and  51°  could  be  assigned 
to  the  (0  0  2),  (003)  and  (0  04)  diffraction,  respectively.  From  the 
TEM  image  (Fig.  2A),  the  inter-tube  distance  corresponds  to  the 
(0  03)  diffraction,  which  is  about  0.4  nm.  The  X-ray  photoelectron 
spectroscopy  (XPS)  analysis  of  the  V2Os  nanotubes  shows  a  peak 
at  517.25  eV,  which  is  due  to  the  main  binding  energy  of  the  V 
2p3/2  electrons  (Fig.  5).  The  deconvoluted  spectrum  shows  a  peak 
at  51 6  eV  due  to  the  partial  reduction  from  +5  oxidation  state  to  +4 


Table  1 

Summary  of  Csp  values  of  xGnP,  VNT  and  the  composite  in  aqueous  and  organic 
electrolytes. 


Electrode 

Specific  capacitance  (Fg_1 

)  at  lOrnVs-1 

In  2  M  KCl 

In  1  M  LiTFSI 

xGnP 

15  ±  0.5 

42.5  ±  0.5 

VNT 

25.5  ±  2.5 

70  ±  3 

xGnP-VNT 

35  ±  1 

226  ±  14 

of  vanadium.  Based  on  the  peak  areas,  the  vanadium  +4/+5  ratio  is 
-0.09. 

Higher  specific  capacitance  values  were  obtained  for  the  com¬ 
posite  electrode  compared  to  individual  component  electrodes  for 
both  aqueous  and  organic  electrolytes  (Table  1 ).  In  2  M  KC1,  the  CV 
plot  displayed  a  rectangular  shape  characteristic  of  an  ideal  capac¬ 
itor.  Fig.  6  shows  the  CV  plot  of  the  composite  measured  in  2  M  KCl 


Fig.  2.  TEM  images  of  (A)  VNTs  and  (B)  xGnP-VNT  composite. 
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Fig.  8.  Cyclic  voltammogram  at  1 0  mV  s_1  in  1  M  LiTFSI  in  acetonitrile  of  asymmetric 
xGnP-VNT/Spectracarb  carbon  cloth  device. 

(pH  2.45)  at  scan  rate  of  lOmVs-1,  which  gave  a  specific  capaci¬ 
tance  of  35  Fg-1.  The  specific  capacitance  (Csp)  is  calculated  from 
the  area  under  the  discharge  curve  of  the  cyclic  voltammogram 
using  the  formula: 


where  it  is  the  product  of  current  (i)  and  time  (t)  along  the  voltage 
range  (V)  and  (m)  is  the  mass  of  the  electrode. 

V2O5  has  been  reported  to  have  high  lithium  ion  capacity  with 
a  theoretical  value  of  147  mAh  g-1  as  an  anode  [47].  The  CV  plot 
(Fig.  7)  of  the  composite  in  1  M  LiTFSI  shows  peaks  at  0.25  V  in  the 
anodic  scan  and  at  -0.38  V  and  -0.75  V  in  the  cathodic  scan,  which 
can  be  attributed  to  the  lithium  intercalation/deintercalation  pro¬ 
cess.  The  electrochemical  Li  insertion  process  that  occurs  at  V2O5 
electrodes  can  be  expressed  by  V205  +  xLi+  +  xe-  LixV205  [48]. 
The  specific  capacitance  obtained  for  the  composite  in  1  M  LiTFSI  in 
acetonitrile  was  226  Fg-1,  which  is  higher  compared  to  xGnPs  or 
VNTs  (Table  1 ).  The  result  obtained  for  xGnPs  is  comparable  to  pre¬ 
viously  reported  value  of  multi-layered  xGnP  sheets  with  different 
sizes  [49]. 

An  asymmetric  device  was  constructed  in  which  the  xGnP-VNT 
composite  served  as  the  negative  electrode  and  a  Spectracarb  2225 
activated  carbon  cloth  was  used  as  the  positive  electrode.  The  mea¬ 
sured  specific  capacitance  of  a  symmetric  carbon  cloth  device  in 
1  M  LiTFSI  based  only  on  the  mass  of  the  electrodes  was  28  Fg-1. 
The  asymmetric  device  shows  a  rectangular  CV  (Fig.  8)  with  a 
specific  capacitance  of  42  Fg-1  at  lOmVs-1.  Constant-current 
charge-discharge  tests  in  1  M  LiTFSI  in  acetonitrile  were  collected 
at  a  rated  voltage  of  2.5  V.  The  discharge  profile  of  the  asymmetric 
cell  (Spectracarb  2225/xGnP-VNT)  at  different  discharge  current 
densities  is  shown  in  Fig.  9.  The  initial  coulombic  efficiency  of  the 
device  was  91.5%  (Fig.  10A).  After  300  cycles,  there  was  a  22% 
decrease  in  Csp  while  the  coulombic  efficiency  was  maintained  at 
98%  (Fig.  10B).  The  Ragone  plot  shown  in  Fig.  1 1  indicates  the  high¬ 
est  energy  density  obtained  for  Spectracarb  2225/xGnP-VNT  was 
28  Whkg-1  with  power  density  of  303  W  kg-1  at  250  mAg-1  dis¬ 
charge  current  based  only  on  the  active  electrode  mass.  Even  at 
a  higher  discharge  density  of  5  Ag-1,  the  asymmetric  device  pro¬ 
vides  10 Whkg-1  at  4kWkg-1,  which  implies  that  the  composite 
can  be  used  for  applications  requiring  both  high  energy  and  power 
densities. 

In  the  Nyquist  plot  (Fig.  12),  a  semi-circle  is  observed  in  the 
high-frequency  region  and  is  related  to  the  electrolyte  resistance. 
From  the  x-intercept  of  the  Nyquist  plot,  an  equivalent  series 


Fig.  9.  Cell  voltage  vs.  discharge  time  of  Spectracarb  2225/xGnP-VNT  asymmetric 
supercapacitor  in  1  M  LiTFSI.  Discharge  current  densities  (a-e)  correspond  to  4, 2, 1, 
0.5  and  0.25  A g-1,  respectively. 

resistance  (ESR)  of  1 .78  £2  is  obtained.  This  value  is  related  to  power 
density  by  the  equation  P=V2/ 4ESR.  Over  the  frequency  range  of 
400  Hz  to  2  Hz,  another  semi-circular  feature  is  observed,  which 
may  be  attributed  to  the  lithium  intercalation  process  as  observed 
in  V205  nanowire  and  LixCo02  electrodes  [32,50].  A  nearly  vertical 
line  is  observed  in  the  low-frequency  region,  which  is  indicative 
of  ideal  capacitive  behavior.  The  results  show  that  the  xGnP-VNT 
composite  is  a  suitable  negative  electrode  for  supercapacitors. 


Fig.  10.  (A)  Charge-discharge  profile  of  Spectracarb  2225/xGnP-VNT  asymmetric 
supercapacitor  in  1  M  LiTFSI  at  1  Ag-1  for  the  1st  and  300th  cycle.  (B)  Capacitance 
retention  and  coulombic  efficiency  of  Spectracarb  2225/xGnP-VNT  asymmetric 
supercapacitor  for  300  cycles. 
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Fig.  11.  Ragone  plot  of  the  Spectracarb  2225/xGnP-VNT  asymmetric  device. 


Fig.  12.  Nyquist  plot  of  Spectracarb  2225/xGnP-VNT  composite  from  100  kHz  to 
1  MHz. 


4.  Conclusion 

The  xGnP-VNT  composite  exhibited  improved  electrochemical 
performance  of  electrodes  for  supercapacitors  over  its  components. 
Specific  capacitance  value  of  226  Fg-1  was  measured  in  1  M  LiTFSI 
in  acetonitrile  for  the  xGnP-VNT  composite.  In  contrast,  the  specific 
capacitance  of  just  VNTs  was  70  F  g-1  and  just  xGnP  was  42.5  F  g-1 , 
demonstrating  the  synergistic  effect  of  combining  the  two  materi¬ 
als.  An  asymmetric  device  using  Spectracarb  2225  carbon  cloth  as 
the  counter  electrode  produced  an  energy  density  of  28  Whkg-1 
and  303  W  kg-1  atlOOmAg-1  andlOWhkg-1  and  4075  W  kg-1  at 
a  higher  discharge  current  of  5  A  g_1 . 
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